Nonlinear transient laser gratings were excited by crossing two 180 ps Nd:YAG laser pulses ͑355 nm͒ at the silicon surface. The launched counterpropagating surface acoustic wave trains were detected outside the source with a cw laser probe-beam-deflection setup. Phase transitions occurring within the Gaussian fluence distribution of the grating induced characteristic changes in the amplitude of the corresponding grating oscillations involved and higher harmonics were found in the frequency spectrum. In the molten surface region, the amplitude decreased compared to the thermoelastic excitation, and second-harmonic generation was observed, whereas ablation generated an asymmetric profile with higher amplitudes and even the third harmonic could be detected. An accurate method is introduced to determine the ablation threshold ͑340 mJ/cm 2 for silicon͒ from the transition of linear to nonlinear behavior in the distorted non-Gaussian amplitude distribution.
I. INTRODUCTION
Threshold values for melting and ablation have been determined in a number of experiments using pulsed lasers ͑nanosecond to picosecond͒ and wavelengths ranging from visible to UV. [1] [2] [3] [4] [5] [6] [7] [8] In these experiments, the phase transitions were measured by characteristic changes of the material's properties within the excitation region. The onset of melting was monitored by the change of reflectivity during the transition from the solid to the liquid state, whereas the ablation threshold was detected by the onset of visible surface damage.
Laser-generated surface acoustic waves ͑SAWs͒ have been used to study the threshold fluences for melting and ablation in silicon single crystals. 8 In this work, laser pulses of 7 ns duration and a wavelength of 355 nm were focused to a narrow line on a silicon surface, thus generating broadband SAW pulses, which were detected by a probe-beamdeflection ͑PBD͒ setup after propagating a distance of about 12 mm. Because in a silicon single crystal neither dispersion nor attenuation effects strongly influence the shape and amplitude of the propagating SAW pulse, it was possible to study the effects of phase transitions induced at the source by monitoring the changes in the launched SAW pulse.
In the present work, the laser-induced transient grating ͑LITG͒ technique was applied to study phase transitions on a silicon surface. In a LITG experiment, two temporally coincident laser pulses are crossed at the sample surface, causing a spatially periodic heating and thermal expansion. 9 This gives rise to narrowband counterpropagating acoustic waves that can be monitored outside the excitation region ͑see Fig.  1͒ .
The generated SAW signal arising from a spatially periodic nonlinear source differs from that arising from a localized source induced by strongly focused single laser pulses. First, due to the Gaussian fluence distribution over the grating oscillations, the threshold fluence for the transition from the linear to the nonlinear behavior is reached within different periods, resulting in a periodic signal composed of linear and nonlinear parts. This enables one to temporally resolve different excitation mechanisms in the SAW train, changing gradually from thermoelastic to ablative. As a result, threshold values can be determined in one single experiment. Moreover, the onset of a phase transition causes the periodic excitation pattern to deviate from a pure sinusoidal distribution. This anharmonic periodic source is characterized by an extended frequency spectrum, which is the reason for the generation of overtones of the fundamental grating frequency observed in nonlinear LITG signals. As the fundamental fringe spacing is fixed, only those frequencies of the extended spectrum are observed in the propagating SAW which are multiples of the fundamental grating period. This process can be applied to efficiently generate SAWs with higher frequency components in strongly absorbing materials.
Nonlinear LITGs have recently been generated in an aluminum film and detected by a PBD setup, which allowed threshold values for the onset of ablation to be determined. 10 In the present experiments, we used the characteristic features of nonlinear LITG signals, generated by two picosecond laser pulses on a silicon sample, to study the threshold fluences for the onset of melting and ablation.
II. EXPERIMENT
A frequency-tripled Nd:YAG laser ͑wavelength 355 nm͒ with a pulse duration of 180 ps full width at half maximum ͑FWHM͒ was used to generate the LITGs. The samples investigated were a silver film of approximately 650 nm thickness evaporated onto a fused silica substrate ͑Herasil 1͒ and a polished single-crystal plate of silicon of 3 mm thickness.
The two Gaussian beams of the picosecond laser were combined on the surface, as shown schematically in Fig. 1 , producing a circular excitation region of about 1.4 mm diameter. The distance between two interference fringes is given by ⌳ϭ/2 sin(/2), where is the laser wavelength and is the angle between the two excitation beams. For the detection of the SAWs, the PBD technique was used. The beam of a stabilized frequency-doubled cw Nd:YAG laser ͑wavelength 532 nm͒ was focused onto the surface using a gradient-index lens, which produced a focal spot diameter of about 4 m. After reflection from the surface, the beam was collimated by a second lens and focused onto a positionsensitive detector consisting of two fast photodiodes ͑Hamamatsu S4751, cutoff frequency 500 MHz͒ and a fast microwave amplifier ͑BFI IBEXSA INA-10386͒. The signal measured by this device records the slope of the transient surface displacement. Therefore, the measured SAW signals represent the normal component of the surface velocity, with a positive signal corresponding to an outward movement of the surface. A fast digitizing oscilloscope ͑Tektronix TDS 680B͒ with an analog bandwith of 1 GHz was used to acquire the data.
The probe spot was located outside the grating area in the direction of propagation of the SAW train. The distance between the center of the excitation region and the center of the probe spot was approximately 2 mm. The sample was shifted after each measurement to make sure that a fresh area of the sample surface was used. For the measurements in and close to the pure thermoelastic regime, the signal was averaged over approximately 100 laser shots to improve the signal-to-noise ͑S/N͒ ratio. As soon as clear traces of melting or ablation could be detected on the sample surface, the number of averages had to be reduced in order to prevent a distortion of the shape and amplitude of the SAW signal.
Several series of measurements with gradually increasing pump beam energy ͑the values given represent the integrated flux of the laser beam before being split into two pump beams͒ were carried out on a silver film and a silicon plate. The excitation geometry ͑the angle between the two pump beams, approximately 0.8°in the present experiment, and the distance between the midpoint of the grating and the probe spot͒ remained the same during all experiments.
III. RESULTS
Measurements on the silver film were carried out by increasing the energy of the pump pulses from 0.1 up to about 1.1 mJ (Ϯ30% pulse-to-pulse stability͒. In order to enhance the S/N ratio a reduced bandwidth of the oscilloscope of 250 MHz was used; this was still sufficient for the first two overtones to be detected. At low pump energies, the purely thermoelastic LITG signals mimic the spatial intensity distribution of the interference pattern on the sample surface. Therefore, these SAW records were used to determine the radius of the excitation region. This value is crucial for calculating the fluences at the transition points between thermoelastic excitation and melting or ablation processes. Figure 2͑a͒ shows a typical LITG signal obtained for the silver film. The envelope of the pulse train is Gaussian shaped, thus representing the spatial intensity distribution of the excitation beam. Figure 2͑b͒ shows the spectrum of the LITG signal. Only one frequency at 65 MHz appears in the spectrum, which is the fundamental grating period determined by the excitation geometry. As long as merely this frequency appeared in the spectrum, the excitation mechanism was assumed to be purely thermoelastic.
With increasing pump pulse energy the Gaussian envelope of the SAW signals became more and more distorted, and the amplitudes of the single fringes differed significantly over the whole wave train. The quality of the data taken at higher pulse energies was not sufficient to determine values for the onset of melting or ablation for the silver film.
On the silicon sample, measurements with pump pulse energies ranging from 0.2 to 2.0 mJ were performed. Figure  3͑a͒ shows a LITG signal on the silicon sample, generated by pump pulses of about 0.2 mJ. As can be seen, the S/N ratio is worse than for the silver film at comparable pump pulse energies. Among others, the smaller expansion coefficient and the lower reflectivity of the silicon surface are considered the main reasons for this. Even for this low pump energy, the spectrum of the grating signal ͓Fig. 3͑b͔͒ yields, besides the fundamental frequency at 100 MHz, a small peak at the first overtone at 200 MHz. This indicates that even at the lowest fluence investigated we have already left the purely thermoelastic regime of SAW generation. As mentioned before, nonlinear processes such as melting and ablation cause a deviation of the grating source from the purely sinusoidal geometry, resulting in the appearance of higher harmonics.
With increasing pump energy the second harmonic and also the third harmonic grow in the spectrum. The envelope of the SAW pulse train becomes smoother, resembling again a Gaussian intensity distribution. Figure 4͑a͒ shows a LITG signal on silicon generated at a pump pulse energy of about 1.3 mJ. In Fig. 4͑b͒ , the spectrum of this signal clearly shows the first three harmonics of the fundamental grating period ͑100, 200, and 300 MHz͒. For energy values ranging from about 1 to 2 mJ, the envelope of the grating signal became asymmetric as the negative oscillations grew stronger than the positive ones. The asymmetry decreased, however, for pump energies larger than 2 mJ.
In order to determine the laser fluence profile, the data presented in Fig. 2͑a͒ were used. Assuming a Gaussianshaped intensity and fluence distribution, the dependence of the laser fluence F(r) on the radial coordinate is given by F(r)ϭF 0 exp(Ϫr 2 /r 0 2 ). F 0 is the maximum fluence in the center of the grating and can be calculated by setting the laser pulse energy measured with a joulemeter equal to the integral of F(r) over the entire area of the excitation spot. In order to calculate the width parameter r 0 , a Gaussian function was fitted to the experimental data. The width parameter in Fig. 2͑a͒ is 0.13 s. As we need the fluence as a function of the radial coordinate r, this width parameter has to be multiplied by the surface wave velocity at the fundamental frequency in the silver/Herasil system. To obtain the SAW phase velocity of the investigated system, the dispersion curve was calculated using the elastic properties of silver and Herasil. The phase velocity for the fundamental frequency of 65 MHz is vϭ3146 m/s. Using this value the radius of the excitation region, r 0 , is calculated to be 0.041 cm.
In order to calculate the laser fluence for the onset of ablation, the exact fluence distribution over the whole excitation area has to be known. If two coherent laser beams interfere at a surface, the resulting fluence distribution is given by a grating structure described by
where F 1 and F 2 are the fluences of the two beams, F 1 ϩF 2 ϭF, and the wave propagates in the x direction. The wave vector k is defined by the excitation geometry as k ϭ2/⌳. Both partial beams can have a fluence slightly deviating from F/2, resulting in a correction factor ␣ in the calculation of the peak fluence F 0 . In our case, this factor turned out to be about 10%, which can be neglected in further calculations. As a result, the fluence distribution over the whole grating area can be described by
Three different criteria can be used to determine the threshold fluence for the onset of ablation:
͑1͒ The amplitude of the first-harmonic frequency component exceeds the linear dependence on laser fluence because the ablative excitation mechanism is more efficient than the thermoelastic one.
͑2͒ The amplitude of the second harmonic ͑and further overtones͒ starts to grow significantly over the noise level as the shortening of SAW generation due to ablation leads to a broadening of the spectrum of each fringe.
͑3͒ The negative part of the grating signal starts to grow stronger than the positive part, resulting in a clear asymmetry of the signal envelope ͑see also Ref. 11͒ . Figure 5 shows ͑a͒ the normalized fluence profile and the amplitudes of the ͑b͒ first and ͑c͒ second harmonics plotted against the radial coordinate of the excitation area for a pump pulse energy of 1.3 mJ. The amplitude of the first harmonic is normalized to the laser fluence in order to show the deviation of the linear dependence of this amplitude on fluence at the point where ablation starts. r a denotes the radius where the fluence exceeds the ablation threshold. As can be seen, the amplitude of the second harmonic also starts to grow significantly over the noise level at this point. These calculations were performed for a set of records, and as a result we find an ablation threshold of 340Ϯ40 mJ/cm 2 for our experimental conditions ͑355 nm, 180 ps͒.
The third criterion for the transition to the ablative excitation regime was investigated using the whole set of records taken on the silicon sample because for a single measurement, the determination of the start of asymmetry is difficult to perform with sufficient accuracy. In order to achieve this goal, we measured the maximum amplitude of the signal envelope as a function of the maximum fluence F 0 . In Fig.  6 , the positive and negative values of the extrema of the envelope of the SAW train are plotted against F 0 . Results for pump pulse energies ranging from 0.2 to 2.0 mJ are shown. The corresponding maximum fluence values were calculated by multiplying the pulse energy by a factor of 2 to account for the pattern formation due to interference and dividing the result by the area of the excitation region (r 0 2 ). Fluences are accurate to within 11%. Starting from the lowest fluence of about 75 mJ/cm 2 , both signal amplitudes remain essentially constant up to 340 mJ/cm 2 . According to the measurements of the melting threshold with SAW pulses, the onset and continuation of the melting process is accompanied by a saturation and even a decrease of the signal amplitude. 8 This is assumed to be the reason for the plateau observed for fluence values ranging from 75 to 340 mJ/cm 2 . As our experimental setup was not sensitive enough to detect reasonable LITG signals for fluences lower than 75 mJ/cm 2 , we cannot give an absolute value for the threshold of melting on the silicon surface, only an upper limit. Regarding Fig. 6 and taking into account the appearance of the first overtone in the spectrum shown in Fig. 3͑b͒ , we can conclude that at a fluence of 75 mJ/cm 2 , we are clearly above the melting threshold for silicon for 180 ps laser pulses at 355 nm.
For fluences above 340 mJ/cm 2 , a strong increase in the amplitude was observed. The fluence dependence of the SAW signal is clearly nonlinear for higher fluences. It should be noted that up to a fluence of 340 mJ/cm 2 both positive and negative amplitudes are of the same magnitude, whereas at fluences higher than 340 mJ/cm 2 , the negative part of the SAW signals grows stronger than the positive one. This feature of a SAW pulse generated by ablation is well known ͑see, e.g., Ref. 11͒. This behavior is clearly visible in Fig. 6 , where the curves for the positive and negative amplitudes start to deviate from each other around 340 mJ/cm 2 . The SAW signal presented in Fig. 4͑a͒ also demonstrates the asymmetry of the overall envelope of the wave train. Taking the significant increase in the amplitudes and the start of the asymmetrical behavior of the positive and the negative amplitudes as an indication of the onset of ablation we obtain a fluence value of 340Ϯ40 mJ/cm 2 for this threshold for sili- con under the experimental conditions. This value is in good agreement with the one obtained from the single records.
IV. DISCUSSION
Measurements using laser pulses of 2.5-30 ns duration at UV wavelengths 1, 2, 4, 7, 8 yielded threshold values for the onset of melting on silicon surfaces of 130-650 mJ/cm 2 . In principle, there is no fundamental difference between these experiments on a nanosecond time scale and our measurements with 180 ps pulses. As long as the heat penetration depth is much larger than the optical absorption depth ͑which is the case for UV wavelengths͒, the threshold fluence is proportional to the square root of the laser pulse duration. Therefore, we can scale the corresponding threshold values using the ratio of the different laser pulse lengths according to
where F thr ͑ps͒ is the melting threshold for 180 ps pulses and F thr ͑ns͒ is the corresponding value from nanosecond measurements. This calculation yields threshold fluences between 15 and 80 mJ/cm 2 ͑see Table I͒ for 180 ps pulses at UV wavelengths, which is consistent with our upper limit of 75 mJ/cm 2 within experimental error. This scaling procedure can also be applied to compare the present value for the onset of ablation to those obtained from nanosecond experiments. In Refs. 3 and 8, we find an ablation threshold of 1.3 J/cm 2 which scales to 140 and 210 mJ/cm 2 , as can be seen in Table I . There are also measurements of melting and ablation thresholds using pulsed lasers with visible wavelengths at 532 nm. 5, 6 For 532 nm and a pulse duration of 20 ps, a melting threshold of 200 mJ/cm 2 and an ablation threshold of 2 J/cm 2 were reported in Ref. 5 , whereas in Ref. 6 , a melting threshold of 200 mJ/cm 2 was given for Si͑111͒ and a value of 400 mJ/cm 2 for Si͑100͒. For visible wavelengths, the optical absorption length is roughly a factor of 10 larger than the penetration depth of the thermal wave for picosecond laser pulses. In this case, the threshold fluence is proportional to the optical absorption depth. In order to account for the different absorption coefficients of silicon for UV ͑355 nm͒ and visible ͑532 nm͒, the results can be scaled according to
where D is the thermal diffusivity of Si ͑0.17 cm 2 /s͒, ͑ps͒ is the laser pulse duration ͑180 ps͒, and ␣ is the absorption coefficient of Si at 532 nm (10 4 cm Ϫ1 ). 12 Using these values we find a scaled melting threshold of about 11 mJ/cm 2 and a scaled ablation threshold of 110 mJ/cm 2 for the values of Ref. 5 and melting thresholds of 11 and 22 mJ/cm 2 for Ref. 6 . Table I provides an overview of the melting and ablation thresholds measured by different groups with nanosecond and picosecond laser pulses in the visible and UV spectral region. The table indicates large errors of more than a factor of two involved in the determination of phase transition thresholds in independent experiments. This is mainly due to the serious problems connected with the determination of the cross-section area. A description of the critical procedure by which the area was obtained is often missing in publications. In addition, a value averaged over the beam cross section is usually used for the fluence. Since the scaling procedures applied for the comparison of data obtained under different experimental conditions introduces additional errors it is not surprising that deviations of a factor of 2-3 are observed between the scaled ablation thresholds given in Table I .
V. CONCLUSIONS
The nonlinear grating technique allows an accurate determination of thresholds for phase transitions. The illuminated area was obtained from the Gaussian envelope of the thermoelastic grating signal, which images directly the laser fluence distribution used in the experiments. When melting or ablation occurs in the central part of the illuminated region the non-Gaussian distribution of the oscillation amplitudes makes it possible to extract the fluence threshold from a single measurement, since the fluence distribution covers the linear and nonlinear regions. Therefore, this technique seems to be superior to methods estimating the irradiated area by other means and deriving the threshold from separate measurements at different fluences. Due to S/N problems in silicon, only an upper limit could be given for the melting threshold, which is consistent with literature values. The ablation threshold of 340 mJ/cm 2 measured in the UV at 355 nm is considerably larger than the values estimated with the simple scaling procedure from literature data. A deviation of a factor of 2-3 is far outside, the error of the present experiments and thus must be due to systematic errors involved in the determination of the critical quantities, namely, the cross-section area and the fluence. Unfortunately, an explanation of the reasons for the large discrepancies is impossible, since in most publications, a detailed description of the measurement procedure is missing. The technique presented in this article provides a welldefined and clear procedure to determine the critical quantities for the estimation of thresholds.
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